We demonstrated anionic sites on the lateral wall of cochlear duct and Reissner's membrane (RM) of ICR mice by Lowicryl K4M resin post-embedding and poly-L-lysine-colloidal gold conjugate (PL-CG) as a polycationic probe. The basement membrane and endolymphatic cell surface of RM were labeled with PLCG pH 2.5 and pH 1.0. However, the perilymphatic cell surface was not labeled. PI.-CG pH 2.5 and pH 1.0 strongly labeled the endolymphatic surface of the spiral prominence epirhelium (SP), whereas the endolymphatic surface of the marginal cell (MC) in the stria vascularis was not labeled. Predigestion with several glycosidases eliminated PGCG labeling. Our result suggests that an anionic charge located on the basement membrane of RM is largely due to the presence of heparan sulfate, chondroitin sulfate,
Introduction
In the cochlea, it is generally believed that the perilymph-endolymph permeability barrier is formed by ion pumps, direction of macromolecular transport, and leakiness of the tight junction (1) . Reissner's membrane (RM) consists of mesothelial cells facing the perilymph and epithelial cells facing the endolymph. These are separated by a basement membrane. The mesothelial cells are thin squamous cells with smooth surfaces. The epithelial cells are of two ddferent types, flat and rounded, both of which possess many short microvilli (2) . The nature ofthe selective passage or perilymph-endolymph barrier across RM is still poorly understood, although the stria vascularis is responsible for regulation of fluid and electrolyte balance of the endolymph just as the renal tubules regulate the entire extracellular fluid volume balance (3) . In the glomerular basement membrane of the kidney, a charge barrier is formed and plays an important role in the filtration of solutes (4) (5) (6) (7) . It is suggested that the opening of the blood-brain barrier is related to a loss of anionic sites (8) (9) (10) . In the alveolar-capillary membrane and the surface of alveolar epithelial cells, acidic glycoconjugates with carboxyl or sulfate groups are likely to form cation-retaining layers, and hyaluronic acid. An anionic charge on the endolymphatic cell surface of RM was mainly dependent on the presence of h e p a m sulfate. An anionic charge on the SP epithelium was caused to a substantial degree by chondroitin sulfate. We obtained histochemical evidence that the glycoconjugate content of the MC surface was quite different from that of the endolymphatic cell surface of RM and SP. We also identified RM-MC and SELMC junctions at the ends of the stria vascularis between the marginal cells and the other endolymphatic epithelial cells of the cochlear duct. functioning as a barrier to cation movement from the basement membrane to the alveolar lumen (11) . Differences in the composition of perilymph and endolymph suggest the existence of efficient regulatory mechanisms for maintenance of the concentration gradients. For this purpose, cytochemical procedures may be applicable. Ultracytochemical methods, such as ruthenium red (12) and polyethyleneimine (13, 14) , have been used to examine the polyanions in the basement membrane. Since the majority of these methods are used as pre-embedding procedures at low pH and low ionic strength, it is likely that they affect the native distribution of anionic sites. Perhaps for this reason, previous studies have been unable to precisely demonstrate the presence of anionic sites on the endolymphatic surface of RM. Therefore, a reliable post-embedding staining technique is necessary for visualization of anionic sites.
Lowicryl resin was developed with the idea of formulating an embedding medium possessing characteristics necessary for the performance of high-resolution structural analysis and post-embedding immunocytochemistry (15) . These properties are thought to minimize conformational changes of proteins known to occur during the processing steps in conventional embedding protocols (16J7). Moreover, the same scheme of low-temperature tissue processing has resulted in increased specificity (18-21) and density of immunolabeling (17). These advantages have been subsequently supported by many publications describing antigen and glycoconjugate localization in tissues embedded in Lowicryl K4M (22-30).
T O W , MORIMITSU, SUGANUMA
Recently, we have demonstrated the presence of anionic sites on blood capillaries of the stria vascularis and the spiral ligament, using post-embedding staining method with poly-L-lysine-conjugated colloidal gold (PL-CG) as polycationic probes. The characteristics of the basement membrane of the stria vascularis were quite different from those of the spiral ligament (30).
This study was undertaken to define more precisely the distribution of anionic sites on RM and the lateral wall of the cochlear duct employing PL-CG in combination with Lowicryl K4M.
Materials and Methods
Animals. Six male ICR mice weighing 30-40 g with a normal Preyer's reflex were used for this study. Normal Preyer's reflex was judged by the movements of both auricles when the animals were stimulated by a loud noise (31).
Reagents. Poly-~-lysine (PL) with an MW of >370 KD and bovine serum albumin (BSA, Type VI) were purchased from Sigma (St Louis, MO). Tannic acid was purchased from Merck (Darmstadt, Germany), Lowicryl K4M kits from Polyscience (Warrington, PA), and polyethylene glycol (Carbowax 20M) from Union Carbide Chemical (New York, NY). Chondroitinase ABC, chondroitinase AC 11, heparitinase, and hyaluronidase from Streptomyces hyduml'yticus were purchased from Seikagaku Kogyo (Tokyo, Japan). Neuraminidase was obtained from Nacalai Tesque (Kyoto, Japan). All reagents used were of the highest available purity.
Preparation of Tissues. Animals were anesthetized with sodium pentobarbital (50 mglkg BW) and sacrificed by decapitation. The round and oval windows were ruptured and a hole was made in the apex of the cochlea. Each cochlea was perfused through the round window with a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in PBS within 3 min after sacrifice. The cochlea was immersed in the same fixative for 2 hr at 4'C. The lateral wall of the cochlear duct was obtained by microdissection under a stereomicroscope. The samples were kept in the same fixative overnight at 4'C. Subsequently, they were tested with ice-cold 50 mM ammonium chloride in PBS for 30 min to block free aldehyde groups. After briefly rinsing with PBS, they were dehydrated through a graded series of ethanols (50% to 100% ethanol) at progressively lower temperatures down to -35'C and embedded in Lowicryl K4M. W polymerization of the resin was performed at -35°C for 24 hr and at 18'C for an additional 24 hr, using a low-temperature polymerization apparatus TTP 010 (Balzers; Liechtenstein).
Semi-thin sections cut at 1 prn thickness with an ultramicrotome (Porter-Blum MT-1) were stained with 0.5% toluidine blue solution and examined by light microscopy to determine the appropriate area of tissue for ultrathin sectioning. Ultra-thin sections were then cut with glass knives and placed on 150-mesh collodion-coated gold grids.
Preparation of Cationic Colloidal Gold. A colloidal gold (CG) solution (mean particle diameter mu10 nm) was prepared by the alternative citrate-tannic acid method of Slot and Geuze (32). H202 was added to the solution to a final concentration of 0.2%; it was kept at room temperature (RT) for 2 hr, then boiled for 5 min. Conjugation of PL and CG was performed by the modified method of Goode et al. (6) . After conjugation, the PL-CG solution was centrifuged at 4'C, 22,000 rpm for 45 min with 55P 72-s using an RP5OT fixed-angle rotor (Hitachi Koki; Katsuta, Japan).
The sedimented PL-CG complexes were suspended in 2 ml of 0.05 M Tris-HCl, pH 7.4, containing 0.05% Carbowax 20 M, 0.15 M NaCI, and 0.02% NaN3. The stock solution was kept at 4°C. The concentration of PL was approximately 20 pglml.
Staining with PLCG Conjugates. The following procedures were performed at RT. For detection of acidic glycoconjugates, ultra-thin sections were treated with 1% BSA in 0.05 M Xis-HC1 (pH 7.4) for 10 min. followed by rinsing with 0.05 M Tris-HC1 (pH 2.5) containing 0.2% BSA for 10 min. Before staining, the pH of the PLCG solution was precisely adjusted to 2.5. The sections were subsequently stained with PGCG conjugates diluted with this buffer (OD525 nm:0.35) for 60 min. After a brief rinse first with the same buffer and then with distilled water, the sections were counterstained with saturated aqueous uranyl acetate for 10 min and with Reynolds' lead citrate for 45 sec, and observed with an electron microscope OEM 200CX; JEOL, Tokyo, Japan) at 80 kV accelerating voltage. For detection of sulfated glycoconjugates, the pH of the PL-CG solution and the rinsing buffer was carefully adjusted to 1.0. The effect of varying pH on the PL-CG staining of acidic glycoconjugates has been previously reported (27). Staining with PL-CG, pH 2.5, reveals acidic groups: carboxyl, sulfate, and phosphate. PGCG at very low pH such as 1.0 is applicable to demonstration of the sulfate group.
Controls with Glycosidase Digestion. Before labeling with PL-CG, the sections were digested with the following enzymes according to the procedure of Vorbrodt (18): chondroitinase ABC. chondroitinase AC, heparitinase, hyaluronidase, and neuraminidase. The incubation conditions, i.e., the concentration of the enzyme, type and pH of the buffer, temperature and time of incubation, are shown in Eble 1. As controls for the glycosidase digestion, sections were preincubated with the appropriate buffers without the enzymes and then processed for PL-CG labeling.
Evaluation of PLCG Labeling. Ultra-thin sections of mouse cochlear duct were stained with PGCG as described above and examined in an electron microscope at a fixed magnification ( x 30,000). The labeling intensity of PLCG, as expressed by the number of CG particles per pm for the endolymphatic surfaces of RM and the spiral prominence, and per pm2 for the basement membrane of RM, was evaluated with a digital planimeter (KP-90; Uchida, Tokyo, Japan).
Results
The quantitative analysis of labeling intensity with PL-CG is summarized in Table 1 .
Reissner's Membrane
The basement membrane and the endolymphatic cell surface of RM were intensely labeled with PL-CG pH 2.5. In particular, the surface of microvilli of the epithelial cells reacted intensely. Some negatively charged domains in the chromatin of the nucleus were also labeled (Figures la and Ib). However, there was no positive reaction on the perilymphatic cell surface. PL-CG pH 1.0 strongly stained the basement membrane and the endolymphatic cell surface of RM. However, PL-CG did not label the perilymphatic cell surface of RM (Figure 2 ). Pre-digestion with chondroitinase ABC or AC apparently removed the PL-CG pH 1.0 labeling of the basement membrane. However, neither chondroitinase ABC nor AC treatment reduced labeling of the endolymphatic cell surface. Predigestion with heparitinase completely eliminated labeling of the basement membrane with PL-CG pH 1.0. It also significantly reduced labeling of the endolymphatic cell surface (Figure 3 ). Neuraminidase pre-treatment did not significantly reduce binding of PL-CG pH 2.5 to anionic sites of the basement membrane but significantly reduced the labeling of the endolymphatic cell surface. Predigestion with hyaluronidase did not reduce labeling of the endolymphatic cell surface with PL-CG pH 2.5. However, labeling of the basement membrane was eliminated. As controls for the glycosidase digestion, pre-incubation of sections with appropriate buffers without enzymes did not affect the PL-CG labeling.
Lateral Wall of Cochlear Duct
PL-CG pH 2.5 strongly labeled the endolymphatic surface of the spiral prominence epithelium. In the nucleus of the epithelial cell, the chromatin was strongly labeled (Figure 4 ). PL-CG did not label the endolymphatic surfaces of marginal cells ( Figure 5 ). There were abrupt junctions between the endolymphatic surface of the spiral prominence epithelium and the marginal cells (Figure 6a) , and between the endolymphatic cell surface of RM and these cells (Figure 6b ). PL-CG pH 1.0 intensely labeled the endolymphatic surface of the spiral prominence epithelium (Figure 7) . However, the endolymphatic surfaces of the marginal cells were not labeled. Pre-digestion with chondroitinase ABC or AC strongly abolished labeling of the endolymphatic cell surface of the spiral prominence by PLCG pH 1.0 (Figure 8 ). Pre-digestion with heparitinase moderately reduced labeling with PLCG pH 1.0. Pre-treatment with neuraminidase slightly but significantly reduced binding of PL-CG pH 2.5. However, hyaluronidase did not reduce labeling with PLCG pH 2.5.
Discussion
We succeeded in demonstrating the presence of anionic sites on Reissner's membrane and the spiral prominence with a combination of staining with PL-CG pH 2.5 or pH 1.0 and embedding in the hydrophilic resin Lowicryl K4M. Furthermore, pre-digestion with a battery of glycosidases provided a precise characterization of the glycoconjugates taking part in the formation of anionic charges. The nuclei were clearly stained with PL-CG pH 2.5. The phosphate group in the chromatin is detected by PL-CG pH 2.5 (8, 27) . The basement membrane of RM was clearly labeled with PL-CG pH 2.5 and pH 1.0. In addition, the endolymphatic cell surface of RM was also labeled with PL-CG pH 2.5 and pH 1.0. However, the perilymphatic cell surface reacted neither with PL-CG pH 2.5 nor with PL-CG pH 1.0. These findings indicate that the endolymphatic cell surface is very different from the perilymphatic cell surface. Thus far, the presence of anionic sites on the basement membrane of RM has been demonstrated using other histochemical methods (12, 13) . However, no reports have shown the localization of anionic sites on the endolymphatic cell surface of RM. The common negatively charged cellular components in animal tissue are associated with three main acidic groups: carboxyl (LOOH), sulfate (-SO3H), and phosphate (-PO3H2) (33). The immunohistochemical study of guinea pig cochleas with a panel of monoclonal antibodies directed to various carbohydrate structures (34) and glycoconjugate histochemistry with the silver methenamine method (35) have recently given useful results. However, these reports have not mentioned glycoconjugates on RM and the spiral prominence. As shown in Table 1 , among the glycosidases used in this study, heparitinase selectively eliminated labeling of the basement membrane with PL-CG pH 1.0. These results imply the presence of heparan sulfate residues in the basement membrane of RM.
It has been suggested that the presence of anionic sites on Reissner's membrane is associated with a charge barrier function for ionic macromolecular transport between the scala media and the scala vestibuli (12J4). Our results show that the endolymphatic cell surface of RM possesses abundant anionic sites, which mainly consist of heparan sulfate (%able 1). Although the meaning of this is still unclear, it is possible that anionic charge or acidic glycoconjugates of RM function as a cation-retaining layer to preserve the very high ionic gradients across this membrane. Katsuyama and Spicer (11) have previously demonstrated that acidic glycoconjugates in the alveolar-capillary membrane and the surface of alveolar epithelial cells form cation-retaining layers, functioning as a barrier to cation movement. The general consensus is that endolymph has a higher concentration of potassium than of sodium and that perilymph has a higher concentration of sodium than of potassium (1) . By using the radiotracer technique, Konishi et al. (36) have found the rapid appearance in endolymph of 42K+ infused into the perilymphatic space. However, the uptake of 22Na+ in endolymph was extremely small. They have concluded that RM does not play a major role in active ion transport and that the lateral wall of the cochlear duct is responsible for active uptake of 42K1 and extrusion of 22Na+.
The stria vacularis seems to play an important role in production of endolymph. It consists of three cell layers, the marginal, intermediate, and basal layers. Marginal cells facing the endolymphatic space have extremely complex infoldings on their basolateral side. The basolateral plasma membrane of the marginal cell has abundant Na+, K+-ATPase, but this has not been detected in the plasmalemma of intermediate and basal cells (37). Marginal cells maintain a highly positive resting potential (38,39).
The spiral prominence epithelium is continuous with the external sulcus epithelium and the marginal cells. The results of this study indicate that the anionic charge of the spiral prominence epithelium is mainly due to the presence of chondroitin sulfate (n- ble 1). Although many details concerning the function of the stria vascularis have been presented, the role of the spiral prominence and spiral prominence epithelium is still unknown. It is likely that absorptive ( 4 0 ) and secretory (41,42) functions of endolymph are attributable to the spiral prominence.
Labeling of the endolymphatic cell surface of the cochlear duct with PL-CG pH 1.0 is shown in Figure 9 . The endolymphatic cell surface of Reissner's membrane and the spiral prominence were clearly stained, whereas the marginal cell surface of the stria vascularis showed no reaction. These results are quite compatible with physiological evidence showing that the stria vascularis maintains a highly positive endocochlear potential (38). Moreover, we identified the presence of abrupt junctions between the marginal cells and the spiral prominence epithelium, and also between the former cells and the endolymphatic cells of RM. These junctions existed at both ends of the stria vascularis. In other words, both ends of the stria vascularis were covered with the adjacent endolymphatic cells. It is suggested that glycocalyx may protect the sensory cell surface because negatively charged substance (glycocalyx) is formed to cover the sensory cells rather than the supporting cells (43). The cochlear duct is a system of epithelial spaces filled with endolymph. All of the epithelial cells are derived from the ectoderm (44). The meaning of the differences in glycoconjugates of these epithelial cells is unclear. However, the glycocalyx of the sensory cell also serves as a cation reservoir (45). To the best of our knowledge, this is the first report demonstrating the precise glycoconjugate content of the basement membrane of Reissner's membrane and the endolymphatic cell surface of the cochlear duct. This distribution of anionic sites appears to correspond to the areas that are responsible for maintaining the unique ion concentration of endolymph.
In this study we have provided histochemical evidence that the endolymphatic cell surface of Reissner's membrane differs from the perilymphatic cell surface. The basement membrane of RM was mainly characterized by the presence of heparan sulfate. The marginal cell surfaces possessed a quite different histochemical property from the endolymphatic cell surface of Reissner's membrane and the spiral prominence. We histochemically identified two abrupt junctions between the marginal cells and the other endolymphatic epithelial cells of the cochlear duct.
